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ﬂexibilityRisk is always associated to Exploration & Production projects, mainly due to the geological, economic and
technological uncertainties. In the development phase, these uncertainties strongly inﬂuence the oil recovery.
The acquisition of additional information and ﬂexibility are key points to risk mitigation. The value of
information quantiﬁes the beneﬁts of new information and ﬂexibility can be added to the project considering
various possible scenarios; it offers the opportunity to improve projects by changing decisions in the future.
Decision makers can develop giant ﬁelds immediately without information and assume the risks or acquire
more information and delay the project, adding ﬂexibility to it, such as ﬂexible facilities, intelligent wells and
development by modules, which is the focus of this work.
A methodology to quantify the risk of a modular implantation of large petroleum ﬁelds was proposed.
Evaluations of the expected monetary value (EMV), with and without information on possible scenarios, are
based on the value of information (VoI). Geological uncertainties are integrated to different production
strategies through the geological representative models (GRM). The net present value (NPV) method,
supported by the multiattribute utility theory (MAUT), evaluates the return and risk of each possible scenario.
The proposed methodology was applied in a case study based on a Brazilian offshore ﬁeld in order to mitigate
the risk associated to its development.gero).
evier OA license.© 2010 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Uncertainties are present in all phases of a petroleum ﬁeld lifetime
and are mainly associated to geological characteristics, economic and
technological parameters. Risk can be mitigated by acquisition of
additional information to reduce uncertainties of geological attributes
or by adding ﬂexibility to the projects.
The decision-making process is associated to high risks due to
uncertainties and large investments, mainly in the appraisal and
development phases of petroleum ﬁelds. In the development phase,
the importance of uncertainties with impact on the recovery factor
increases signiﬁcantly and the economic impact of decisions requires
detailed information regarding the reservoir performance prediction.
The presence of uncertainties also requires a probabilistic procedure
to risk evaluation (Schiozer et al., 2004). These authors presented a
risk analysis methodology, which combines ﬂow simulation with
various reservoir scenarios and geological uncertainties.
Although risk and uncertainty are combined in a quantitative
manner in decision analysis, the ﬁnality of the decision analysis
methods is not to reduce the risk, but to provide tools to evaluate,
quantify and understand the risk (Newendorp and Schuyler, 2000).In this work, a methodology to quantify the risk by a modular
implantation of giant and offshore petroleum ﬁelds in the develop-
ment phase was proposed. The concept of value of information (VoI)
was used to determine the value of new information, considering the
ﬂexibility in the deﬁnition of the production strategy, possible due to a
delay in the chronogram of the project.
2. Value of information
VoI in appraisal and development of petroleum ﬁelds is an
economic criterion used in the decision-making process, which
involves the quantiﬁcation of uncertainties and economic evaluation
of several reservoir scenarios. Additional information is capable of
reducing or eliminating some geological uncertainties, thusmitigating
the risk. The analysis of additional information is associated to cost
and/or delay in the project implementation.
Relevance and applicability of VoI in risk analysis and the decision-
making process of E&P projects are well-known (Clemen, 1995;
Koninx, 2000; Coopersmith and Cunningham, 2002). Some method-
ologies for VoI evaluation consider only one or just a few possible
production strategies and, consequently, underestimate its value, as
shown by Xavier (2004).
A methodology for VoI quantiﬁcation has to consider the
possibility of having a speciﬁc production strategy for each one of
the possible scenarios after information acquisition. For this reason,
Xavier (2004) proposed a reliable methodology for VoI assessment,
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Fig. 1. Example of a risk-return curve for a project portfolio analysis (adapted from
Mezzomo, 2005).
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of the information and employs the concept of geological represen-
tative models (GRM) to choose an adequate strategy for each scenario
susceptible to information.
New information can be favorable (optimistic) or unfavorable
(pessimistic). In both cases, the information can be complete or
incomplete, perfect or imperfect. According to Lohrenz (1988), if the
information is incomplete and/or imperfect, there is the tendency to
produce an optimistic projection. As a consequence, it is fundamental
to know the type of the additional information.
The information can be perfect and complete if it totally removes the
uncertainty and represents the maximum value of the information
because it eliminates the uncertainty of the attribute and it is considered
as reliable. In practice, this concept is applicablewhen the uncertainty is
reduced to a level that does not inﬂuence the risk and the Expected
Monetary Value (EMV) of the project. In this work, the term complete
information refers to complete and perfect information.
Incomplete information does not eliminate the uncertainty of an
attribute. Information can also be imperfect, when it is not very
reliable. The term incomplete, in this work, represents the partial
reduction of uncertainty.
3. Flexibility
Flexibility can increase the value of a project and permit decisions
changes in the future, although this implies in higher costs. Some
options add ﬂexibility to a project, such as ﬂexible facilities, intelligent
wells and development by modules, which is the focus of this work.
It is possible to consider ﬂexibility in some circumstances (Begg
and Bratvold, 2002): (1) when there is no possibility of obtaining the
additional information; (2) when ﬂexibility is cheaper than obtaining
additional information; (3) to manage the residual uncertainties after
the information acquisition and (4) when ﬂexibility increases the
project value. Situations (1) to (3) have as their goal the risk
mitigation associated to the presence of uncertainties and (4) intends
to explore the uncertainty. Unlike onshore ﬁelds, offshore projects
have little ﬂexibility after their approval and before the development
of well drilling due to limitations of the platform. For this reason, it is
valuable to acquire new information at this point of the project.
4. Decision analysis methods
The decision-making process was ﬁrst considered in exploration
projects of the E&P industry only in the decade of 1960 (Newendorp
and Schuyler, 2000). Initial decision analysis methods were usually
based on cash ﬂow considerations, such as calculation of an average
rate of return on invested capital. Decision analysis under uncertainty
considers the risk and uncertainty in a quantitative manner, taking
into account how these factors can be used to formulate strategies of
investments. The ﬁrst step of a decision-making method is to identify
the available alternatives. After that, for each alternative, the following
steps are analyzed: (1) evaluation of the outcome and the proﬁt or
loss; (2) prediction of the occurrence probability and (3) estimation of
the weighted average proﬁt for each decision choice. The weighting
factor is the probability of each outcome and the weighted average
proﬁt, which is the expected value of the decision choice, representing
a criterion to accept or not accept an alternative.
A successful decision requires the combination of a decision analysis
methodwith a professional judgment and an expert in decision-making
processes. A possible method is based on risk and return that can be
adapted to analyze production strategies under uncertainty.
The decision method based on risk and return is an adaptation of
Markowitz's economic theory. According to Mezzomo (2005), this
theory can be adapted in order to analyze production strategies
under uncertainty and each project can represent one asset. In this
work, this theory is used as a graphical tool to analyze both functions:risk and return. More functions can be considered according to the
multiattribute utility theory (MAUT) (Suslick and Furtado, 2001).
Themultiattribute utility theory provides a logical and tractable tool
to decide among conﬂicting objectives. Utility functions are elaborated
for each criterion and depend on the objectives of each company. The
decision maker can conciliate the objective of the project with a
tolerable value of risk. Fig. 1 shows an example of the graph used in
decision analysis: the blue points represent the relation of risk-return of
various alternatives, the black curve (efﬁcient frontier) represents the
ideal relation of risk-return and the red curve (iso-utility curve)
represents the compromise, deﬁned by the decision maker, between
the involved risk and the objective to be reached. The best alternative is
at the intersection of the two curves (green point).
4.1. Measurement of risk
Different equations are available in the literature to evaluate the
dispersion of curves of probability density and can be used tomeasure
the risk in E&P projects. Some examples of measurements of
dispersion are: (1) amplitude — the difference between the largest
and the smallest values of an objective function, such as NPV; (2)
variance; (3) standard deviation; and (4) coefﬁcient of variation —
dispersion/media ratio. Brealey and Myers (1996) used the variance
and standard deviation to measure the risk in the analysis of return
and cost of capital opportunities. Ross et al. (1999) employed the
standard deviation to calculate the risk in an analysis of a portfolio of
ﬁnancial assets.
5. Proposed methodology
A methodology to quantify the risk of petroleum ﬁelds in the
development phase by a modular implantation was developed. It
applies the concept of VoI in the decision-making process in giant and
offshore ﬁelds. A more detailed description of the methodology is
presented by Hayashi (2006) and its steps are described as follows:
1. Deﬁnition of the uncertainties of a geological and ﬂow model: a
group of specialists must conduct this step in order to guarantee the
quality of initial data. The usual approach is to start with three levels
for each uncertain attribute. The number of levels should be
increased or reduced according to the importance of these attributes.
2. Elaboration of the base model: a deterministic model that
contains all uncertainties at the most probable level. It is
fundamental to consider all modules in this model to contemplate
the possibility of interaction among them. This consideration
results in a model with a high number of simulation blocks and
requires high computational effort. However, simpliﬁcations in
the methodology, such as automation of the risk analysis process
and parallel computation are employed to speed up the process.
Fig. 3. Blocks and faults of the ﬁeld: (a) PVT map (Layer 1) and (b) transmissibility map
(Layer 3).
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production strategy is optimized in terms of some objective
functions, such as Np, RF and NPV. Although the simulationmodel
should represent all modules, it is necessary to optimize only the
strategy of the module under uncertainty and risk.
4. Sensitivity analysis and critical attributes: the sensitivity analysis
has as its goal the selection of the critical attributes and the
disregard of those that are not important, reducing the number of
simulation models. The sensitivity analysis consists of changing
one attribute by one in the base model. However, others methods
can be used as experimental design.
5. Derivative tree, simulation runs and risk curve without informa-
tion: automatic elaboration of the derivative tree, according to the
methodology of Schiozer et al. (2004) to obtain the possible
reservoir scenarios. All models have the same strategy as the base
model. Statistical treatments of simulation results generate the
risk curve without information.
6. Selection of GRM and calculation of EMV without information
(EMVwithout_inf): GRM should bemodels with different behavior in
terms of economic and technological indicators, such as NPV, RF,
Np andWp. The optimization of the GRM production strategies is
extremely important in order to apply the VoI concept correctly.
The derivative tree models are re-simulated, employing the
optimized production strategy of each GRM; the best production
strategy generates the greatest EMV that represents the EMV
without information.
7. Deﬁnition of the scenarios of information acquisition: it is
necessary to select among all critical attributes those that should
have the uncertainty eliminated and/or reduced through actions
of investigation. This deﬁnition is fundamental to elaborate the
decision tree and to quantify the risk after additional information.
8. Decision tree and formation of groups: a decision tree is
elaborated according to the reduction and/or elimination of
uncertainties. Fig. 2 shows a decision tree with three attributes
and the groups for a scenario with complete information for one
attribute. The attributes whose uncertainties should be eliminat-
ed must be at the beginning of the tree. The formation of the
groups is a function of the information to be acquired. Each group
is counted from the point where it does not have more additional
information and each one has a speciﬁc production strategy. The
higher the amount of eliminated uncertainties is, the greater the
amount of groups and the total EMV.
9. Risk curve and EMVwith information (EMVwith_inf): the risk curve
of the decision tree is elaborated with the greatest EMV for eachE
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Fig. 2. Examples of decision tree and EMV calculation forgroup that composes it. The sum of the greatest EMV of all groups
represents the EMV with information. Fig. 2 illustrates the EMV
calculation for a scenario with complete information for one
attribute. The best strategy for groups 1 and 2 was, respectively,
the strategies of GRM2 and GRM3. The EMVwith_inf ($265) was
greater than the EMV of each individual strategy ($228, 252 and
243).
10. Measurement of risk: the standard deviation of the probability
distribution is used to measures the risk.
11. Decision analysis: two methods are used in decision analysis:
the NPV method, which considers only the NPV, and the
multiattribute utility theory, which considers the return and risk.MV         =         (NPV             ∑
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a case with complete information for one attribute.
Table 1
Uncertain attributes and their levels of uncertainty.
Attribute Levela Probability (%)
Net-to-gross ntg0 60
ntg1=ntg0×1.25 20
ntg2=ntg0×0.75 20
Porosity poro0 60
poro1=poro0×1.25 20
poro2=poro1×0.75 20
Horizontal permeability Kh0 60
Kh1=Kh0×1.25 20
Kh2=Kh0×0.75 20
Vertical permeability Kz/Kh0=0.33 60
Kz/Kh1=0.50 20
Kz/Kh0=0.165 20
Water–oil contact (m)
(south of Block B)
coa0=3167 60
coa1=3200 20
coa2=3134 20
PVT
(south of Block B)
pvt0=22°API 60
pvt1=30°API 20
pvt2=17°API 20
Rock compressibility
(cm2/kgf)
cpor0 60
cpor1 20
cpor2 20
Transmissibility
Fault A
transA0=0 60
transA1=0.5 20
transA2=1.0 20
Transmissibility
Fault B
transB0=0 60
transB1=0.5 20
transB2=1.0 20
a Level 0 (Probable)/Levels 1 and 2 (Optimistic or Pessimistic).
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The methodology was applied in a model based on a typical giant
ﬁeld of the Campos Basin in Brazil. Theﬁeld, in the development phase,
possesses three blocks: Block A, Block B and Block C (Fig. 3a) and has
two main faults: Fault A between Blocks A and B and Fault B between
the Blocks B and C (Fig. 3b). Each block has its own production
platform and possesses different ﬂuids: Block A — light oil (30°API),
Block B — intermediate oil (22°API) and Block C — heavy oil (17°API).
The ﬁeld was developed by modules due to its physical limitations
and intrinsic characteristics and also the high investment necessary to
develop a large offshoreﬁeld. The implantation of a project bymodules is
a strategy tomitigate technical risks. Eachmodule is executed at different
periods of time, which can reduce the risk associated to other modules
that were not yet implanted, since the production results and acquisitionFig. 4. 3D view of the rof additional information from previous modules should reduce
uncertainties associated to undeveloped modules (Hayashi et al., 2007).
The initial suppositions were: (1) Block A is in the development
phase and will be producing in the next six months; (2) appraisal wells
were drilled in Blocks B and C; (3) Block C will be producing two years
after the initial production of Block B and (4) Faults A and B have null
transmissibilities.
Geological uncertainties were in Block B and three levels of
uncertainty, as suggested by Jensen (1998), were considered
(Table 1). For simpliﬁcation, optimistic and pessimistic levels of the
attributes, represented by continuous distribution functions, such as
porosity andpermeability,were deﬁned by amultiplier factor applied to
the most probable value. For attributes represented by discrete
distribution functions, such as PVT and transmissibility, it is not possible
to deﬁne a priori, by a simple analysis of the available data, if the level is
optimistic or pessimistic. Such information only can be obtained after
the simulation ﬂow. For this reason, transmissibility values and the
probability of their occurrence (Table 1) were considered as null for the
most probable level and the other two levels could not be classiﬁed as
neither optimistic nor pessimist. Since Block B can interact with the
others, the basemodel represented thewhole ﬁeld and had 83×55×14
cells (Fig. 4). As the uncertainties were in Block B, the decision analysis
to obtain additional informationwas applied to this block. In addition to
thedecision-makingprocess by theproposedmethodology, a sensitivity
analysis of economic parameters, such as oil price and internal rate of
return (IRR), was considered.
7. Results
7.1. Sensitivity analysis and derivative tree
The oil production of the base model with optimized production
strategy shows the delay of the project implantation by modules
(Fig. 5). Critical attributes were selected based on the NPV, Np andWp
of Block B and Fig. 6 illustrates the sensitivity analysis for NPV. Five
attributes were considered as critical: net-to-gross (3 levels), which
incorporated the uncertainties in porosity and horizontal permeabil-
ity; transmissibility in Fault A and transmissibility in Fault B (both
attributes with 2 levels), and oil/water contact and type of oil – pvt
(both attributes with 3 levels in the southern portion of Block B). Their
combination by the derivative tree generated 108 (33.22) simulation
models (Fig. 7). The circles represent chance event nodes and those
that cannot be controlled by the decision maker. Each branch
represents a simulation reservoir model. All models have the sameeservoir porosity.
05,000
10,000
15,000
20,000
25,000
30,000
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
Time (days)
O
il 
Ra
te
 
(m
3/
d)
Block A
Block B
Block C
Fig. 5. Delay in oil production by modular development.
transiA1transA1
transB0
transB0
transB1
transA0
ntg1
ntg0
ntg2
t
transB1
ntg1
ntg0
ntg2
ntg1
ntg0
ntg2
t
ntg1
ntg0
ntg2
t
coa1
coa0
coa2
pvt2
pvt1
Total of groups =  1
pvt0
Fig. 7. Derivate tree — combination of ﬁve critical attributes.
109S.H.D. Hayashi et al. / Journal of Petroleum Science and Engineering 75 (2010) 105–113production strategy and, consequently, only one group results from
the derivative tree since any uncertainty is eliminated.
The diversity of geological scenarios resulted in a great variation of
oil production from Block B (Fig. 8), which practically did not affect
the oil production of Blocks A and C. The best production strategy,
which resulted in the highest EMV, was selected to consider the case
without information.
7.2. Information acquisition, decision tree and GRM selection
Information acquisition to eliminate and/or reduce the uncertain-
ties of the ﬁve critical attributes delayed the chronogram of the Block
B project for one year. Three distinct alternatives were considered, as
follows:
Alternative 1: Perforation of onewell in the portion south of Block B
in order to eliminate (complete information) the uncertainties of
two attributes— oil/water contact and type of oil. For this scenario,
nine groups were in the decision tree
Alternative 2: In addition to the actions of Alternative 1, the
production analysis of Block A and pressure measurement of the
two wells in Block B were considered to eliminate the uncertainty
(complete information) in transmissibility of the Fault A. Eighteen
groups were in the decision tree. This alternative is used to
illustrate the proposed methodology. Fig. 9 shows a decision tree
after obtaining the information: the decision tree is derived from
the derivative tree (Fig. 7) and is composed of groups; a chance
event node (circle) on the derivative tree is transformed into a
decision node (square) in a decision tree. A decision maker
controls the decision nodes.-40 -30 -20 -10 0 10 20 30 40
cpor
Kz/Kh
Kh
transB 1.0
pvt
coa
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transA 1.0
ntg
A
ttr
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u
te
s
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Fig. 6. Sensitivity analysis for NPV (Block B).Alternative 3: In addition to the two previous options, the complete
information obtained through the production analysis of the pilot
project of Block C and/or pressure measurement of a well also in
Block C was considered to eliminate the uncertainty in the
transmissibility of Fault B. The uncertainty of the parameter net-
to-gross was reduced by incomplete information obtained by a
more detailed geological characterization. Seventy-two groups
resulted in the decision tree.
The GRM were selected, mainly, through the graph NPV versus RF
and are represented by blue circles, totaling seven in Fig. 10 and each
point on this ﬁgure represents a distinct reservoir model with the
same production strategy: the closer the points are, the smaller is the
impact of the production strategy. Otherwise, the impact is signiﬁcant.
The choice of GRM was also supported by the graphs: NPV versus Np
and NPV versusWp. The number of GRM depends on two factors: the
desired precision in VoI assessment and the time available to calculate
and analyze it. As observed by Xavier (2004), the precision andFig. 8. Possible scenarios of oil production in Block B (108 reservoir models and only one
production strategy).
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their strategies and the precision considered in the optimization
process. The higher the number of optimized strategies arising from
the decision tree is, the stronger the inﬂuence on VoI and more
reliable the EMV. In this work, two aspects were considered in the
MRG selection: the priority was attributed to those models with
higher probabilities (green points in Fig. 10) and the models should
represent the variability of NPV, RF, Np and Wp adequately. The
production strategy of each GRM model was optimized and the delay
of one year was considered.
7.3. Risk curves, EMV and measurement of risk
Although only Block B was associated to uncertainties, the risk
curves had to be elaborated considering the three blocks because of
the possible inﬂuence among the three blocks of the ﬁeld. The risk
curve without information was built using the simulation results of
the models obtained by the combination of critical attributes
according to the derivative tree (Fig. 7). As seven GRM were selected
(Fig. 10), seven optimized production strategies were employed,BLOCK B
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Fig. 10. Selection of GRM.resulting in seven risk curves without information (Fig. 11). The EMV
for each scenario was calculated and the production strategies of
GRM6 and GRM7 produced the greatest EMV, respectively, 2061 and
2065 million US$ (Table 2).
The risk curve without information could be built with the
production strategy of MGR6 or MGR7, since these models resulted
in the greatest EMV for the casewith no information (only one group).
As these models had almost the same EMV, the MGR6 was used to
build the derivative tree in Fig. 12. The risk curves with information
were obtained considering the greatest EMV for each group of the
decision tree for the Alternative 2 (complete information for three
attributes and eighteen groups). These risk curves are compared in
Fig. 12. Different colors in the risk curve with information represent
the production strategy of each group. Although the curves did not
present a great difference in the EMV after the information, it is
evident that information reduced the risk signiﬁcantly (Table 2).
Fig. 13 shows that the behavior of EMV always increased with the
number of attributes, with the number and type of information, and
with the number of production strategies or GRM. The VoI, difference
between EMVwith_inf and EMVwithout_inf, was negative for two
complete information (Alternative 1), indicating that it was not
feasible to acquire the information. The VoI increased with the
amount of additional information, indicating that it was feasible to
obtain three complete information (Alternative 2) or four complete
information and one incomplete information (Alternative 3). The
acquisition of the fourth and ﬁfth information did not inﬂuence the
EMV signiﬁcantly and did not aggregate beneﬁts to the value to the
project.
The EMV obtained for the three alternatives of information
acquisition to eliminate and/or to reduce the uncertainties of the
ﬁve critical attributes are summarized on Table 2, which also shows
the cost of information.
7.4. Decision analysis
7.4.1. EMV method
In the decision analysis based on the EMV method, the scenario
with the greatest EMVwas chosen. According to the results in Table 2,
the decision maker had three very similar options: (1) no acquisition
of information— scenario with production strategy of GRM7 and EMV
equal to 2065 million US$; (2) acquisition of information for more
than four attributes — scenario with production strategy of GRM7
with complete information for four attributes and incomplete
information for one attribute, and EMV equal to 2063 million US$;
and (3) acquisition of information for three attributes— scenario with
production strategy of GRM7, complete information for 3 attributes0.0
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Table 2
Decision analysis by the EMV method.
Scenario Gross EMV (103 US$) Standard deviation (103 US$) Cost of acquisition (103 US$) Effective EMV (103 US$)
Without information — GRM1 2035 172 0 2035
Without information — GRM2 2010 216 0 2010
Without information — GRM3 2042 177 0 2042
Without information — GRM4 2034 168 0 2034
Without information — GRM5 2004 225 0 2004
Without information — GRM6 2061 172 0 2061
Without information — GRM7 2065 183 0 2065
GRM7 — 2 complete information 2058 132 10 2048
GRM7 — 3 complete information 2071 129 10.5 2060
GRM7 — 4 complete inf./1 incomplete inf. 2076 130 12.5 2063
GRM6 — 2 complete information 2052 125 10 2042
GRM6 — 3 complete information 2062 126 10.5 2052
GRM6 — 4 complete inf./1 incomplete inf. 2065 128 12.5 2053
GRM5 — 2 complete information 2052 125 10 2042
GRM5 — 3 complete information 2061 124 10.5 2051
GRM5 — 4 complete inf./1 incomplete inf. 2062 123 12.5 2050
GRM4 — 2 complete information 2051 124 10 2041
GRM4 — 3 complete information 2061 123 10.5 2050
GRM4 — 4 complete inf./1 incomplete inf. 2061 123 12.5 2049
GRM3 — 2 complete information 2009 145 10 1999
GRM3 — 3 complete information 2036 140 10.5 2025
GRM3 — 4 complete inf./1 incomplete inf. 2036 140 12.5 2023
GRM2 — 2 complete information 2009 145 10 1999
GRM2 — 3 complete information 2017 144 10.5 2007
GRM2 — 4 complete inf./1 incomplete inf. 2017 144 12.5 2005
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practically equal, considering the uncertainties and errors. For this
reason, it was necessary to consider other parameters, in addition to
EMV to make the decision, resulting in a more reliable process.7.4.2. Risk and Return method
As Risk and Return method can be used to compare various
projects of a portfolio, in this work, each possible alternative was
considered as a distinct project. The risk of each alternative was
calculated by the standard deviation (Table 2) and the graph EMV
versus Risk was built (Fig. 14). In order to complement this graph, the
base of the utility theory was employed to build the efﬁcient frontier
(black curve) and two curves of iso-utility, one averse to risk (red
curve) and other tolerant to risk (blue curve). However, the decision
depends on the posture of the decisionmaker to the risk. According to
Fig. 14, if the decision maker were tolerant to risk, one of two
decisions could be chosen: to implant the project without additional
information or obtain information to reduce the uncertainties of the
ﬁve critical attributes. Otherwise, if the decision maker were averse to0.0
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Fig. 12. Comparison of risk curves without information and with complete information
for 3 attributes.risk, the decisionwould be to obtain information and delay the project
implantation. If the iso-utility curve were practically horizontal, the
scenario without information and no ﬂexibility would be the decision
to be made. However, a very small aversion to risk indicates that the
ﬂexibility in the chronogram of implantation is the best option when
information must be obtained. According to this observation and
considering the results of Fig. 13, it was possible to state that
information acquisition was advisable for the studied case.7.5. Sensitivity analysis for economic parameters
The inﬂuence of the oil price and IRR on the EMV of the project was
also analyzed. Only the production strategies with higher impact on
the scenarios with information were considered and the analysis was
restricted to the acquisition of complete information for three
attributes (Alternative 2). Fig. 15 shows the variability of EMV in
terms of the economic parameters: the points represented by circles
correspond to scenarios with information and the squares are2000
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with a higher oil price, the risks associated to the projects were
smaller. Otherwise, for scenarios with a smaller oil price, risk
mitigation by information acquisition had more value. Independent
of the economic scenarios, projects with and without information
presented very similar values.
8. Conclusions
The VoI concept was used to determine the value of information
acquisition in a project, considering a delay in the schedule due to
ﬂexibility (modular implementation of platforms) in the deﬁnition
and approval of the ﬁnal project. The proposed methodology to risk
mitigation associated to the modular implantation in development of
petroleum ﬁelds showed to be applicable to a giant and complex
reservoir model. The VoI conﬁdence increased with the simulation
runs, as a consequence of the number of GRM and their strategy
optimization.
The calculated EMV is generally smaller than the real EMV and is
underestimated, since it is practically impossible to optimize the
production strategies of each possible model resulting from a criticalattribute combination by the derivative tree. The precision and
reliability of EMVwith information increases with the number of GRM
analyzed and precision considered in the optimization of their
strategies.
In a decision-making analysis, it is advisable to consider not only
the EMV, but also to analyze other functions, especially a measure-
ment of risk. The comparison of alternatives with very different EMV
requires estimating the risk by a measurement of relative dispersion,
such as the coefﬁcient of variation. For the studied case, the
methodology used in the decision analysis yields two alternatives
with very similar EMV, showing that the ﬂexibility wouldmitigate the
risk. The economic sensitivity analysis shows the relevance of the
information acquisition that increased in scenarios of lower oil price.
Nomenclature
coa Oil/water contact (south of Block B)
cpor Rock compressibility
EMV Expected monetary value
EMVwithout_inf Expected monetary value without information (no
information)
EMVwith_inf Expected monetary value with information
g Number of groups
GRM Geological Representative Model
IRR Internal Rate of Return
Kh Horizontal permeability
Kz/Kh Vertical permeability
MAUT Multiattribute utility theory
Np Cumulative oil production
NPV Net present value
ntg Net-to-gross
P Occurrence probability
poro Porosity
pvt Pressure, volume, temperature oil analysis (south of Block B)
RF Oil recovery factor
transA Transmissibility in Fault A
transB Transmissibility in Fault B
VoI Value of Information
Wp Cumulative water production
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